PDK1 activates a group of kinases, including protein kinase B (PKB)/Akt, p70 ribosomal S6 kinase (S6K), and serum and glucocorticoid-induced protein kinase (SGK), that mediate many of the effects of insulin as well as other agonists. PDK1 interacts with phosphoinositides through a pleckstrin homology (PH) domain. To study the role of this interaction, we generated knock-in mice expressing a mutant of PDK1 incapable of binding phosphoinositides. The knock-in mice are significantly small, insulin resistant, and hyperinsulinemic. Activation of PKB is markedly reduced in knock-in mice as a result of lower phosphorylation of PKB at Thr308, the residue phosphorylated by PDK1. This results in the inhibition of the downstream mTOR complex 1 and S6K1 signaling pathways. In contrast, activation of SGK1 or p90 ribosomal S6 kinase or stimulation of S6K1 induced by feeding is unaffected by the PDK1 PH domain mutation. These observations establish the importance of the PDK1-phosphoinositide interaction in enabling PKB to be efficiently activated with an animal model. Our findings reveal how reduced activation of PKB isoforms impinges on downstream signaling pathways, causing diminution of size as well as insulin resistance.
The 3-phosphoinositide-dependent protein kinase 1 (PDK1) functions as an upstream activator of a group of AGC family protein kinases that are stimulated by insulin, growth factors, and numerous other agonists (42) . These include isoforms of protein kinase B (PKB), also known as Akt (23) , p70 ribosomal S6 kinase (S6K) (17) , serum and glucocorticoid-induced protein kinase (SGK) (32) , and p90 ribosomal S6 kinase (RSK) (27) . Activation of PKB and other AGC kinases plays crucial roles in regulating diverse effects of extracellular agonists on cells by phosphorylating regulatory proteins that control metabolism, growth, proliferation, and survival (21) . Many if not all of the cellular effects of insulin are mediated through activation of PKB (18, 58) . PKB also stimulates the activation of S6K1, which plays an important role in regulating protein synthesis and cell growth (17) . Genetic analysis of the PDK1-signaling pathway in Drosophila melanogaster and mice also suggests that this pathway plays an important role in regulating organism size. For example, Drosophila organisms with reduced levels of PDK1 (51) , PKB (56) , or S6K (40) are all small, possessing cells with reduced volume. Similarly, mice with decreased levels of PDK1 (33) and mice lacking PKB␣ (18) or S6K isoforms (48) also display small-organism and -cell phenotypes.
PDK1 activates at least 23 AGC kinases by phosphorylating a specific Thr or Ser residue located within the T-loop of the kinase domain (42) . Maximal activation also necessitates phosphorylation of a Ser/Thr residue located C-terminal to the catalytic domain within a region known as the hydrophobic motif. Recent work has established that the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) and mTORC2 phosphorylate the hydrophobic motif of S6K1 and PKB (52, 61) . In the case of RSK, a second kinase domain located C-terminal to the AGC catalytic domain phosphorylates the hydrophobic motif (27) . The identity of the enzyme that phosphorylates the hydrophobic motif of SGK1 is unknown.
Insulin and growth factors trigger the activation of AGC kinases by two mechanisms. In the case of S6K, SGK1, and RSK, agonists induce the phosphorylation of these enzymes at their hydrophobic motif by stimulating hydrophobic motif kinases. This phosphorylation does not activate these kinases but instead promotes PDK1 to interact, phosphorylate, and activate S6K, SGK1, and RSK (8, 42) . In contrast, activation of PKB by PDK1 is not dependent upon phosphorylation of the hydrophobic motif but requires prior activation of phosphoinositide 3-kinase (PI 3-kinase) and the production of the second messenger phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P 3 ]. This binds to the pleckstrin homology (PH) domain of PKB, inducing a conformational change that enables PDK1 to phosphorylate PKB (1, 10, 39, 54) . PDK1 also contains a PH domain that binds with high affinity to PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 and more weakly to PtdIns(4,5)P 2 (16, 31) . The binding of PDK1 to phosphoinositides does not affect the catalytic activity of PDK1 but colocalizes PDK1 and PKB at the plasma membrane (10, 16) .
We previously studied the role of the PH domain of PDK1 in regulating PKB activation by generating a knock-in mutation in which three consecutive Arg residues (472 to 474) were mutated to Leu in order to prevent PDK1 from interacting with phosphoinositides (38) . At the time, this was the only reported mutation that completely inhibited binding of PDK1 to phosphoinositides (16) . In the knock-in PDK1[LLL] embryonic stem (ES) cells, PKB was poorly activated by insulin-like growth factor 1 (IGF1), indicating that binding of PDK1 to phosphoinositides was important in regulating PKB (38) . However, not much could be learned about the role of the PH domain of PDK1 with an animal model, since the homozygous PDK1[LLL]-knock-in mice died at embryonic day 10.5 during development (38) . Moreover, in both homozygous knock-in mouse embryos and ES cells, the PDK1[LLL] mutant was only expressed at 10 to 20% of the normal levels, which could have contributed to the effects seen on PKB activation as well as the embryonic lethality (38) . Subsequent to these studies, the structure of the PDK1-PH domain-PtdIns(3,4,5)P 3 complex was elucidated (31) . This revealed that Arg472 and Arg474 form strong interactions with the D1 and D3 phosphate groups of PtdIns(3,4,5)P 3 while Arg473 is oriented away from the phosphoinositide pocket and makes interactions with the protein backbone (31) . The structure of the PDK1 PH domain suggests that mutation of Arg473 to Leu would destabilize the PH-domain fold and might be responsible for the decreased expression or stability of the PDK1[LLL] mutant observed in the original study. Exploiting the PDK1 PH-domain structures, we rationally designed a knock-in point mutant (K465E) that abrogated phosphoinositide binding without affecting the stability of the domain. The homozygous K465E knock-in mice are viable, and PDK1 is expressed at normal levels. The knock-in mutation of PDK1 leads to a specific signaling lesion, reducing the activity of PKB isoforms, resulting in the knock-in mice being small and displaying insulin resistance.
MATERIALS AND METHODS

Structural studies of the PDK1[K465E] PH domain. The isolated PDK1
[K465E] PH domain (residues 409 to 556) was expressed in Escherichia coli and purified as described previously (31) . Details on crystallization, data collection, and refinement statistics can be found in Table S1 in the supplemental material.
SGK1 kinase assay. To immunoprecipitate SGK1, 5 g of the human anti-SGK1 antibody covalently coupled to 10 l of protein G-Sepharose was incubated with 1 mg of mouse liver lysate at 4°C for 1 h on a shaking platform. The immunoprecipitates were washed twice with 1 ml of lysis buffer containing 0.5 M NaCl and once with 1 ml of buffer A. The standard SGK assay (50 l) contained the following: washed protein G-Sepharose immunoprecipitate, 50 mM Tris-HCl (pH 7.5), 0.1 mM EGTA, 0.1% (by vol) 2-mercaptoethanol, 10 mM magnesium acetate, 0.1 mM ATP, and 1 g of E. coli-expressed glutathione S-transferase (GST)-N-myc downstream regulated gene 1 protein (NDRG1). The assays were carried out for 30 min at 30°C with continuous agitation and terminated by addition of sodium dodecyl sulfate sample buffer. Phosphorylation of NDRG1 was analyzed by immunoblot analysis of 50% of the reaction mixture, employing the phospho-specific Thr346/356/366 antibodies. PDK1 K465E/K465E mouse strain. The PDK1 K465E/K465E conditional knock-in mice were backcrossed five to six generations on C57BL/6J mice before experimental animals used in this study were bred.
Glucose tolerance test. Mice were deprived of food overnight and weighed, and basal blood glucose was measured using the Esprit blood glucose monitoring system (Bayer) following tail incision. The mice were then injected intraperitoneally with 2 mg/g of glucose. Blood glucose was then measured at the indicated times.
Insulin tolerance test. Mice were allowed to feed overnight ad libitum and then fasted for 2 h before the experiment; mice were weighed, and basal blood glucose was measured using the Esprit blood glucose monitoring system (Bayer) following tail incision. The mice were then injected intraperitoneally with 1 mU/g of insulin and blood glucose measured at the indicated times.
Measurement of plasma insulin levels. Blood was collected from mice following tail incision and incubated on ice for 30 min. The blood was centrifuged at 3,000 ϫ g for 15 min, and the plasma supernatant was collected. The plasma insulin level was measured using a rat/mouse insulin enzyme-linked immunosorbent assay kit from Linco Research (no. EZRMI-13K). Five microliters of plasma was used for each assay, and mouse insulin standards from 0 to 10 ng/ml were used to generate a standard curve.
Hyperinsulinemic euglycemic clamp. The hyperinsulinemic euglycemic clamp study was performed as described previously (57) . In brief, the hyperinsulinemic study started with a bolus (100 mU/kg, Actrapid; Novo Nordisk, Bagsvaerd, Denmark), followed by continuous infusion of insulin (3.5 mU/kg/min). A variable infusion of 12.5% D-glucose (in phosphate-buffered saline) solution was adjusted to maintain euglycemia, as measured via tail bleeding (Accu-Check Aviva; Roche Diagnostics Nederland BV, Almere, The Netherlands).
In 
RESULTS
Analysis of the PDK1 K465E mutation. Our previous analysis demonstrated that mutation of Lys465 in PDK1, which forms key interactions with the D3 and D4 phosphates of PtdIns(3,4,5)P 3 , to a Glu residue abolished binding of PDK1 to phosphoinositides and localization at the plasma membrane (31) . Prior to generating a knock-in mutation, to ensure that this mutation did not disrupt the overall PH domain fold, we crystallized and analyzed the structure of the isolated PDK1[K465E] mutant PH domain ( Fig. 1 ) (see Table S1 in the supplemental material) (PDB code 2vki). The mutant protein was produced in bacteria and expressed with yields similar to those for the wild-type PDK1 PH domain. The overall structure of the PDK1[K465E] PH domain, as refined against 1.8-Å diffraction data, was largely unaffected by mutation of Lys465 (root mean square deviation of 0.6 Å for C␣ atoms) (Fig. 1A) . The only significant changes were observed in the side-chain conformations of residues located in the PtdIns(3,4,5)P 3 -binding pocket, in which the conformations of surrounding positively charged residues, namely, Arg472, Arg474, Lys467, and Arg521, were affected (Fig. 1A) . The K465E mutation also significantly reduced the positively charged nature of the ligand-binding interface (Fig. 1B) , which accounts for its inability to bind to phosphoinositides (31) .
Generation of PDK1 K465E/K465E mice. Based on the finding that the Lys465Glu mutation did not destabilize the PH do-main of PDK1, we generated homozygous PDK1 K465E/K465E mice as shown in Fig. 2 (see also the supplemental material). These were born at the expected Mendelian frequency and were found to be viable ( Fig. 2A to D) . Both male and female PDK1 K465E/K465E mice were fertile (data not shown). The PDK1 protein was expressed in PDK1 K465E/K465E mice at normal levels in liver tissue (Fig. 2E ) and in five other tissues analyzed (see Fig. S1 in the supplemental material). As a further control, we incubated liver extracts with agarose conjugated to PtdIns(3,4,5)P 3 or Sepharose conjugated to PIFtide, a peptide that interacts with the catalytic domain of PDK1 independently of the PH domain (4, 9) . In extracts from PDK1 K465E/K465E animals, PDK1 interacted with PIF-Sepharose but, as expected, not with PtdIns(3,4,5)P 3 -agarose. In contrast, PDK1 interacted with both PtdIns(3,4,5)P 3 -agarose and PIF-Sepharose in extracts derived from wild-type mice (Fig.   2E ). Catalytic activity of PDK1, as judged by its ability to phosphorylate the T308tide peptide, was unaffected by the Lys465Glu mutation ( Fig. 2F ; see also Fig. S1 in the supplemental material).
Small size of PDK1 K465E/K465E mice. Male and female PDK1 K465E/K465E mice were ϳ35% smaller from birth than control PDK1 ϩ/ϩ littermates (Fig. 3A) . The heterozygous PDK1 K465E/ϩ mice were of sizes similar to those of wild-type PDK1 ϩ/ϩ mice (see Fig. S2 in the supplemental material). We compared organ volumes of kidney, brain, spleen, and testis using the quantitative Cavalieri methodology (25, 37) . Brains and spleens from PDK1 K465E/K465E mice were on average ϳ20% smaller than organs from wild-type littermate mice, but the testes, in which PKB isoforms play an important role in regulating cell size (19) , were ϳ50% smaller (Fig. 3B) . In contrast, the size of the kidneys was not Table S1 in the supplemental material. (A) Comparison of the phosphoinositide-binding site of wild-type PDK1 (left) with that of the K465E mutant, mutation of which abrogates phosphoinositide binding (right). A stick representation of the interactions of Ins(1,3,4,5)P 4 (blue, inositol ring; purple/red, phosphate groups) with protein residues (green) in the phosphoinositide binding site of the PDK1-PH domain is shown. Lys465 is the central residue in the back of the pocket, and its mutation to Glu does not affect the overall structure of the PH domain but leads to reorganization of the phosphoinositide-binding site by attracting surrounding positively charged residues. The PDK1 PH K465E mutant was found to contain a sulfate molecule in the phosphoinositide-binding site derived from the crystallization buffer. (B) An electrostatic surface representation (from the GRASP software program [45] ) of the phosphoinositide-binding site showing how mutation of Lys465 to Glu markedly alters both the shape and the basic nature of this pocket compared to the wild-type protein.
FIG. 2. Generation of PDK1
K465E/K465E mice. (A) Diagram depicting the 3Ј end of the endogenous PDK1 gene from exons 12 to 14, the targeting construct generated, the targeted allele with the neomycin selection cassette still present (NEO), and the targeted allele with the neomycin cassette removed by Cre recombinase. The black boxes represent exons, and the black triangles represent LoxP sites. Abbreviations: E, EcoRI; H, HindIII; S, SacI. The positions of the probes used for Southern analysis are shown as black bars. The knock-in allele containing the Lys465Glu mutation in exon 12 is marked with an asterisk and can be detected by genotyping using PCR primers K465E F and K465E R, which are depicted as arrows. (B) Genomic DNA purified from targeted ES cells from the indicated genotypes was digested with SacI and subjected to Southern analysis with the corresponding DNA probes. The wild-type allele generates an 18-kb fragment with both 5Ј and 3Ј probes, while the targeted allele give rise to a 6-kb fragment with the 5Ј probe (left panel) and a 10-kb fragment with the 3Ј probe (right panel). (C) The number (n) and proportion (%) of mice of each genotype resulting from heterozygous breeding are indicated. (D) Genomic DNA was PCR amplified with primers K465E F and K465E R. The wild-type (WT) allele produces a 196-bp fragment, while the knock-in allele generates a 236-bp product. The same DNA was subjected to PCR to generate a product that encompasses the knock-in mutation region in exon 12. The resultant PCR products were ligated onto the pCR-topo2.1 vector and transformed in E. coli and ϳ30 independent clones were sequenced. The numbers of wild-type Lys465 and knock-in Glu465 sequences obtained for each genotype are indicated. (E) The upper diagram illustrates the mechanism by which PIF-Sepharose and PtdIns(3,4,5)P 3 -agarose can be utilized to affinity purify PDK1. Mouse liver extracts or the PIF-Sepharose and PtdIns(3,4,5)P 3 -agarose pull downs were subjected to immunoblot analysis with the indicated antibodies. (F) PDK1 was immunoprecipitated from liver extracts of the indicated genotypes and the activity assayed using the T308tide peptide as the substrate. Each point represents the mean activity Ϯ standard error of the mean for three different samples with each assayed in triplicate.
markedly reduced in the PDK1 K465E/K465E mice. To establish whether a reduction in organ volume was accompanied by a reduction in cell size, we employed the quantitative and unbiased stereological approach called the disector principle to estimate cell volume (37) . In the zona fasciculata of the adrenal gland, the PDK1 K465E/K465E cells were ϳ40% smaller than cells derived from littermate PDK1 ϩ/ϩ mice (Fig. 3C) .
Insulin resistance and hyperinsulinemia in PDK1 K465E/K465E
mice. The PDK1 signaling pathway plays a crucial role in con- ϩ/ϩ and PDK1 K465E/K465E littermates was measured from magnetic resonance imaging-obtained images or physical sections of fixed organs using the Cavalieri method as described in Materials and Methods. The data are represented as the means Ϯ standard errors of the means for three different mice per genotype. (C) The relative cell size of the zona fasciculata cells of the adrenal glands of two PDK1 K465E/K465E mice compared to that for littermate PDK1 ϩ/ϩ animals, which is given a value of 100%. Cell size was measured using the dissector principle as described in Materials and Methods. K465E/K465E mice were intolerant to glucose, the mice were deprived of food overnight and injected with an intraperitoneal bolus of glucose, and blood glucose levels were monitored over a 120-min period. PDK1 K465E/K465E animals displayed significant glucose intolerance, since their blood glucose levels at multiple time points, 15, 30, and 60 min, rose to higher levels in male (Fig.  4A ) and female (see Fig. S3A in the supplemental material) mice than was the case for controls. The PDK1 K465E/K465E mice also displayed marked insulin intolerance, since injection with insulin induced a blunted decrease in blood glucose levels compared to those for control mice ( . When fasted mice were allowed to have access to food, the plasma insulin levels increased to a much greater extent in the PDK1 K465E/K465E mice than in the control mice under conditions where blood glucose levels were maintained at similar levels in both genotypes (Fig.  4D) . We also performed a hyperinsulinemic-euglycemic clamp to assess whole-body insulin sensitivity in wild-type and PDK1 K465E/K465E mice. Consistent with the results obtained using glucose and insulin tolerance tests ( Fig. 4A and  B) , the PDK1 K465E/K465E mice were markedly insulin resistant, since they needed ϳ3-fold less glucose to be infused than wild-type animals in order to maintain euglycemia (Fig. 4E) .
We also analyzed male PDK1 K465E/K465E mice of 56 to 60 weeks of age and found that although these animals possessed normal fasted blood glucose levels, they displayed greater glucose intolerance (Fig. 4F) and their plasma insulin levels were even higher than those observed in the younger mice ( Fig. 4H  and I ). For the fed state, we also observed that older male PDK1 K465E/K465E mice possessed lower blood glucose levels than the control mice, which might be a result of higher insulin levels in these animals (Fig. 4G) . In an insulin tolerance test, injection of insulin induced virtually no decrease in blood glucose levels in the older PDK1 K465E/K465E mice (Fig. 4G ).
Islet volume in young and old PDK1
K465E/K465E mice. In order to establish how insulin resistance in the PDK1 K465E/K465E affected the volume of insulin-producing islet cells, we stained pancreatic tissue sections from littermate control and PDK1 K465E/K465E mice with hematoxylin-eosin. Employing the quantitative Cavalieri method (25, 37), we determined the volume of pancreas and islet cells and used this to calculate the ratio of islet to pancreas volume for each genotype (Fig.  5A) . We found that in PDK1 ϩ/ϩ mice of 12 to 16 weeks of age, 0.8% of total pancreatic volume comprised islet mass. The volumes of pancreas derived from PDK1 K465E/K465E mice were reduced by 30% due to the smaller sizes of these mice, but the proportion of islet mass was significantly increased, to ϳ1.2% of the total pancreatic volume (Fig. 5A) . Interestingly, for older mice of 84 to 88 weeks of age, the proportion of beta cell mass in PDK1 K465E/K465E mice had decreased significantly compared to that for littermate PDK1 ϩ/ϩ animals, suggesting that islet cells in older PDK1 K465E/K465E mice were beginning to fail (Fig. 5B) . However, old PDK1 K465E/K465E animals were still hyperinsulinemic and displayed normal fasted and fed blood glucose despite the reduced volume of islet cells (see Fig. S4 in the supplemental material) .
Analysis of PKB in PDK1 K465E/K465E mice. To establish the effect of the Lys465Glu mutation on the ability of PDK1 to switch on PKB, littermate PDK1 ϩ/ϩ and PDK1 K465E/K465E mice were starved overnight and injected intravenously with a physiological dose of insulin (0.5 mU/g). At 10, 20, and 40 min, insulin-sensitive tissues were removed, extracts generated, and PKB phosphorylation at Thr308 and Ser473 assessed, as well as its activity following immunoprecipitation. As expected, in control PDK1 ϩ/ϩ mice, insulin induced a marked activation of PKB␣ in skeletal muscle (Fig. 6A), heart (Fig. 6B), liver (Fig.  6C) , and adipose tissue (Fig. 6D) . In the PDK1 K465E/K465E mice, PKB␣ was activated to a three-to fivefold lower level than in control mice at all time points analyzed (Fig. 6, left  panels) . PKB␣ activation was also more transient in the tissues of PDK1 K465E/K465E mice. We also measured the activity of the PKB␤ isoform in liver (Fig. 6C ) and adipose tissue (Fig. 6D ) and observed that PKB␤ activation was reduced to an extent similar to that for PKB␣ in the PDK1 K465E/K465E mice. At all time points, phosphorylation of PKB at the activating Thr308 residue phosphorylated by PDK1 was markedly reduced in the PDK1 K465E/K465E tissues (Fig. 6 , right panels). Quantitative Li-Cor analysis of the immunoblots in skeletal muscle indicated that phosphorylation of PKB at Thr308 was reduced by 65% in PDK1 K465E/K465E animals (see Fig. S5 in the supplemental material). In both control and PDK1 K465E/K465E animals, insulin induced the same degree of phosphorylation of the insulin receptor as well as the PKB Ser473 residue, which is phosphorylated by mTORC2 independently from PDK1 (Fig. 6 , right panels; see also Fig. S5 in the supplemental material). We also monitored phosphorylation of various PKB substrates, including GSK3, PRAS40, and FOXO-1, at the sites phosphorylated by PKB, employing phospho-specific antibodies (Fig. 6, right panels) . This revealed a moderate decrease in the phosphorylation of PRAS40 between the wildtype and PDK1 K465E/K465E mice. Phosphorylation of GSK3 was not significantly affected by the knock-in mutation. In the liver, phosphorylation of the FOXO-1 transcription factor at Ser256 was reduced to a greater extent for the PDK1 K465E/K465E mice (Fig. 6C, right panel) .
Analysis of PKB in PDK1 K465E/K465E ES cells. We previously found that PKB was not activated in the hypomorphic PDK1[LLL] knock-in ES cells following IGF1 stimulation (38) . To establish that this finding was not due to decreased expression of the PDK1[LLL] mutant, we generated PDK1 K465E/K465E ES cells that express normal levels of PDK1 as described in Materials and Methods. In PDK1 K465E/K465E ES cells, PKB␣ activation and phosphorylation at Thr308 were markedly reduced (Fig. 6E) , to an extent similar to that observed previously in the hypomorphic PDK1[LLL] ES cells (38) . In PDK1 K465E/K465E ES cells, PKB was still phosphorylated at Ser473 to the same extent as that observed in PDK1 Ϫ/Ϫ ES cells but to a lesser extent than that observed in wild-type ES cells.
Analysis of S6K1 in PDK1 K465E/K465E mice. S6K1 is a key downstream target of PKB in the insulin signaling pathway. PKB stimulates S6K1 through phosphorylating TSC2 and PRAS40 (53) , thereby leading to activation of mTORC1, which then phosphorylates S6K1 at its hydrophobic motif residue (Thr389). This promotes binding of S6K1 to PDK1, resulting in phosphorylation of S6K1 at its T-loop residue (Thr229), leading to its activation. Consistent with reduced PKB activity in PDK1 K465E/K465E mice, insulin-induced phosphorylation of PRAS40 (Thr246) and TSC2 (Thr1462), as well as activation of S6K1 and phosphorylation of Thr229 and Thr389, was reduced at all time points in the hearts of PDK1 K465E/K465E animals (Fig. 7A) . Phosphorylation of the S6 protein, a substrate of S6K1, was also vastly reduced in hearts from PDK1 K465E/K465E mice. mTORC1 can also be activated via a nutrient-stimulated pathway that may involve the VPS34 class 3 PI 3-kinase (46) . Since this pathway is independent of PKB activation, S6K1 activation by nutrients should be unaffected in the PDK1 K465E/K465E mice. To test this, we measured S6K1 activity in the liver of mice that had been fasted overnight and then allowed to feed. This model has previously been employed to investigate the effect that nutrients have on S6K1 activity in mice (35, 43) . We found that feeding induced a similar activation and phosphorylation on Thr229 and Thr389 of S6K1 in both control and PDK1 K465E/K465E mice (Fig. 7B ). Under these feeding conditions, PKB␣ is activated to a much lesser extent than is observed following insulin injection (data not shown), consistent with previous findings (35) .
Analysis of SGK1 in PDK1 K465E/K465E mice. The role that binding of PDK1 to phosphoinositides plays in activating SGK1 is unknown. It was therefore of interest to establish whether SGK1 could be activated normally in PDK1 K465E/K465E mice. We first monitored phosphorylation of NDRG1, which is phosphorylated by SGK1 at three Thr residues (Thr346/ Thr356/Thr366) that lie within a repeated decapeptide sequence (44) . Employing a phospho-specific antibody recognizing these phosphorylated residues, we found that insulin markedly enhanced the phosphorylation of NDRG1 to similar levels in the livers of PDK1 ϩ/ϩ and PDK1 K465E/K465E animals ( Fig. 7C, upper panel) . To demonstrate that these residues on (C and H) Mice were left in the presence (Fed) or absence (Fasted) of food overnight, and the plasma insulin levels were measured for 13 (C) or 6 (H) mice of each genotype. (D and I) The indicated mice were fasted overnight and then allowed to refeed ad libitum for 1 or 6 h. Plasma insulin levels (upper panels) or blood glucose (lower panels) were measured for 6 mice per genotype at the indicated times. The data are presented as the means Ϯ standard errors of the means for each data point. (E) A hyperinsulinemic euglycemic clamp study was performed as described in Materials and Methods using six littermate mice of each genotype of 3 to 5 months of age. The hyperinsulinemic study started with a bolus of insulin (100 mU/kg), followed by continuous infusion (3.5 mU/kg/min). A variable infusion of 12.5% D-glucose solution was adjusted to maintain euglycemia, as measured via tail bleeding. The data are presented as the mean Ϯ standard error of the mean for each data point. NDRG1 are indeed phosphorylated by SGK1, we show that insulin did not induce phosphorylation of NDRG1 in livers of SGK1 Ϫ/Ϫ knockout mice (Fig. 7C, lower panel) . We next immunoprecipitated and assayed SGK1 and observed that SGK1 was normally activated by insulin in PDK1 K465E/K465E animals (Fig. 7C, upper panel) . As expected, no SGK1 activity was recovered when SGK1 immunoprecipitations were undertaken employing liver extracts from SGK1 Ϫ/Ϫ mice (Fig. 7C, lower  panel) .
Analysis of RSK and PKC isoforms in PDK1
K465E/K465E mice. The key regulatory input in the activation of RSK is mediated through extracellular signal-regulated kinase (ERK) activating the C-terminal kinase domain of RSK, which promotes phosphorylation and activation of RSK by PDK1. Thus, binding of PDK1 to phosphoinositides would not be predicted to influence its activation. Consistent with this, RSK was normally activated by insulin in the heart of PDK1 K465E/K465E mice (Fig. 7D ) or in PDK1 K465E/K465E ES cells stimulated with phorbol ester (see Fig. S6A in the supplemental material). PDK1 also controls the stability of PKC isoforms, and in PDK1-deficient cells the expression of many PKC isoforms is markedly diminished (5) . We found that expression of six PKC isoforms analyzed in skeletal muscle were similar in PDK1 K465E/K465E and control mice (see Fig. S6B in the supplemental material), suggesting that the ability of the PDK1 PH domain to bind phosphoinositides does not regulate phosphorylation of PKC isoforms.
DISCUSSION
In contrast to the PDK1 K465E/K465E mice analyzed in the study, the previously described PDK1[LLL] PH-domain knock-in mice, which showed reduced PDK1 expression, displayed embryonic lethality (38) . Reduction in PDK1 expression without the PH-domain mutation is unlikely to cause lethality, since hypomorphic mice expressing a 10-fold-reduced level of PDK1 in all tissues are viable despite being small (Table 1) (33) . Thus, lack of viability of the homozygous PDK1 [LLL] animals is likely to be due to the combined effects of the PH-domain mutation and reduced expression of PDK1. Knock-in mutations are increasingly being utilized to analyze biological processes. Our observations emphasize the importance of generated mutations not affecting protein expression, since otherwise it is impossible to determine whether resultant phenotypes are caused by the mutation or changes in protein expression or a combination of both of these.
In the PDK1 K465E/K465E mice, insulin-induced activation of PKB␣ and PKB␤, although markedly inhibited, was not abolished. Inhibition of PKB resulted from reduced phosphorylation of Thr308, which is catalyzed by PDK1, rather than the decreased phosphorylation of Ser473 that is mediated by mTORC2 ( Fig. 6 ; see also Fig. S5 in the supplemental material). These observations provide the first genetic evidence in an animal model to support the notion that binding of PDK1 to phosphoinositides is necessary for optimal activation of PKB. PDK1 is capable only of phosphorylating PKB at Thr308 when PKB is bound to PtdIns(3,4,5)P 3 . This induces a conformational change that exposes Thr308 and/or creates a docking site for PDK1 to bind PKB (reviewed in reference 42). The finding that some activation of PKB is still observed in the PDK1 K465E/K465E mice suggests that there is a mechanism for PDK1 to interact with the membrane independently of its ability to bind phosphoinositides. This could be mediated by PDK1 interacting with other membrane-associated proteins, such as Grb14, which reportedly binds to PDK1 (29) . PDK1 also interacts transiently with PKB (10) and therefore could be recruited to the plasma membrane via its ability to bind PKB. Passive diffusion of PDK1 could also result in sufficient PDK1 being near the plasma membrane to partially activate PKB.
Our data demonstrate that decreased activation of PKB in the PDK1 K465E/K465E mice results in a reduction of insulinstimulated activation of mTORC1, as measured by decreased phosphorylation of S6K1 at Thr389 (Fig. 7A) . As phosphorylation of Thr389 promotes interaction of S6K1 with PDK1, reduced Thr389 phosphorylation in the PDK1 K465E/K465E mice causes decreased phosphorylation of S6K1 at Thr229 and hence lowers S6K activity. It is unlikely that the ability of PDK1 to directly phosphorylate S6K1 requires interaction with phosphoinositides, since previous work has shown that either deletion of the PDK1 PH domain or PtdIns(3,4,5)P 3 levels do not influence activation of S6K1 by PDK1 (2) . Moreover, the observation that S6K1 is normally activated in response to feeding of PDK1 K465E/K465E mice (Fig. 7B) , triggered by activation of mTORC1 through a PKB-independent nutrient-signaling pathway, also confirms that PDK1 does not need to interact with phosphoinositides to activate S6K1.
RSK and SGK are activated normally by insulin in PDK1 K465E/K465E animals. PDK1 activates these enzymes following phosphorylation of these enzymes at their hydrophobic motif. In the case of RSK, hydrophobic motif phosphorylation is regulated through the activation of the ERK pathway (27) or via the p38 mitogen-activated protein (MAP) kinase/MAP kinase-activated protein kinase 2 pathway (64). Activation of ERK is not controlled by PKB or PDK1, which explains why RSK is activated normally in PDK1 K465E/K465E mice. In the case of SGK1, however, the identity of the hydrophobic-motif kinase that phosphorylates SGK1, leading to its activation by PDK1, is unknown. Since SGK1 is activated normally in PDK1 K465E/K465E animals, activation is unlikely to be con- trolled by PKB or to necessitate membrane localization of PDK1. It would be interesting to explore whether mTORC2 might phosphorylate the hydrophobic motif of SGK1, since the hydrophobic motif of SGK1 is similar in sequence to that of PKB, and moreover inhibitors of PI 3-kinase inhibit mTORC2 and SGK1 activation.
Several PDK1 knockout, hypomorphic, and knock-in mouse models have been generated, and the phenotypes of these animals are summarized in Table 1 and compared with the phenotypes reported from analyzing PKB isoform knockout mice. A complication with previous studies was that the alterations of PDK1 affected the activities of several AGC kinases, ϩ/ϩ and PDK1 K465E/K465E mice (upper panel) as well as SGK1 ϩ/ϩ and SGK1 Ϫ/Ϫ mice (60) (lower panel). Its activity was assessed by measuring phosphorylation of NDRG1, followed by immunoblot analysis employing a phospho-specific antibody recognizing the phosphorylation sites targeted by SGK1 (termed Tx3-P). The indicated cell extracts were also immunoblotted with the indicated antibodies, and each lane represents a sample derived from a different mouse.
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at Univ of Dundee on July 8, 2008 mcb.asm.org making it difficult to pin down which of the downstream AGC kinases activated by PDK1 was responsible for the observed phenotypes. In contrast, only the activity of PKB isoforms is inhibited in the PDK1 K465E/K465E mice, a feature that could make these animals useful when roles of PKB isoforms in signaling are analyzed. Consistent with this conclusion, many elements of the phenotype of the PDK1 K465E/K465E mice described in this study, such as insulin resistance, small size, and markedly reduced volumes of brain or testis, have also been observed in previous analysis of PKB-isoform knockout mice (Table 1) .
Earlier work revealed that cells deficient in PDK1 were 30 to 40% smaller, but it was unclear whether this was due to inhibition of PKB and/or other AGC kinases (33, 41) . The finding that PDK1 K465E/K465E mice are similarly small suggests that a reduction in PKB activity is sufficient to decrease cell volume.
Consistent with this conclusion, Drosophila mutants lacking PKB (56) , as well as mice lacking PKB␣ and other isoforms, display small size (Table 1) . Reduced PKB activity also leads to an inhibition of mTORC1 and S6K activity. Since mutations in mTORC1 components and S6K also are associated with reduced cell size (7), it is likely that the PI 3-kinase/PDK1/PKB/ mTORC1/S6K signaling network lies at the nexus of cell size regulation.
The PDK1 K465E/K465E mice, despite possessing normal plasma glucose levels, are significantly glucose and insulin intolerant (Fig. 4) . Our data suggest that the PDK1 K465E/K465E animals overcome this by producing more insulin and, at least for young animals, possessing increased islet-cell mass. The first stage of insulin resistance in humans is also preceded by a period of increased insulin production coupled with enhanced islet-cell mass that compensates for insulin resistance. Only mice we have analyzed are 86 weeks of age, and although these still displayed normal blood glucose levels in the fed and fasted states (see Fig. S4 in the supplemental material), they possessed reduced islet volumes, indicating that islet cells were beginning to fail (Fig. 5B) . It is possible that if PDK1 K465E/K465E mice were left to age further or put on a high-fat diet, they would reach a stage in which islet cells would have declined to such an extent that they would be unable to maintain normal glycemia, and hence the animals would develop overt diabetes. PDK1 K465E/K465E animals could have utility for testing the effectiveness of antiinsulin resistance therapies being developed.
It could be argued from previous work that there is sufficient spare capacity and inherent amplification in the PKB signaling pathway so that a three-to fivefold reduction of PKB activity could be considered modest and still be sufficient to induce downstream responses. Consistent with this notion, for insulininjected PDK1 K465E/K465E mice the phosphorylation of PKB substrates, such as PRAS40, GSK3, and FOXO-1, is either not significantly inhibited or only moderately reduced. However, despite this, the PDK1 K465E/K465E animals are significantly insulin resistant (Fig. 4) . Modest activation of PKB is well known to trigger glucose uptake in muscle (12, 30) or repression of gluconeogenic genes in the liver (36) . These processes would therefore not be expected to be affected by the PDK1[K465E] mutation. In agreement with this, insulin-stimulated glucose uptake in isolated soleus muscle (see Fig. S7 in the supplemental material) or repression of the PEPCK, IGFBP1, and G6Pase gluconeogenic genes in the liver in response to feeding (see Fig. S8A to C in the supplemental material) was unaffected by the PDK1[K465E] mutation. A recent study has shown that PKB␤ regulates insulin resistance not by regulating the expression of gluconeogenic genes but instead by controlling hepatic lipid synthesis (34) . This is achieved by PKB␤ phosphorylating and inhibiting the transcriptional coactivator peroxisome proliferator-activated receptor coactivator 1␣ (PGC1␣), which operates as a global regulator of the hepatic metabolism during fasting (34) . In PKB␤ knock-out mice, the phosphorylation of PGC1␣ is defective, resulting in increased transcription of lipogenic genes and increased lipid output in the liver, which induces insulin resistance (34) . It was therefore possible that reduced activation of PKB isoforms in PDK1 K465E/K465E animals would lead to impairment of the ability of insulin to control lipid metabolism in the liver through reduced phosphorylation of the PGC1␣ and FOXO-regulated pathway (34) . We therefore studied the expression of the SHP and MCAD lipogenic genes, whose expression is affected by lack of PKB␤ (34) . We found that these were similarly expressed in fasted and refed control and PDK1 K465E/K465E mice, indicating that a deficiency of lipogenic gene expression regulation may not be responsible for the insulin resistance observed in PDK1 K465E/K465E animals (see Fig. S8D and E in the supplemental material).
There is significant interest in inhibiting PI 3-kinase, PDK1, and PKB for treatment of cancer, since overactivation of the PKB-signaling pathway drives the proliferation and growth of a significant proportion of human cancers. Our results suggest that even a partial reduction in the activity of PKB isoforms caused by administration of a pan-PKB isoform inhibitor has the potential to lead to significant insulin resistance. In some patients this might be overcome by increased insulin secretion, but in others, such as the elderly and obese, drugs that inhibit PKB activity could induce increases in blood glucose levels, leading to diabetes, which would need to be managed.
In conclusion, the results of this study provide the first genetic evidence in mice that binding of PDK1 to phosphoinositides plays a key role in enabling PKB isoforms to be activated efficiently. Our results also demonstrate how a partial inhibition of PKB activation affects insulin-induced mTORC1 and S6K1 activation, as well as having a significant impact on size, and induces insulin resistance. The PDK1 K465E/K465E animals will represent a useful animal model for studying the roles of PKB signaling.
